The excitatory amino acid, L-glutamate, is a ma jor neurotransmitter in the central nervous system. The action of excitatory amino acids is mediated by at least three distinct receptors characterized by the selective agonists N-methyl-D-aspartate (NMDA), quisqualate (QA), and kainate (KA) (for review, see Mayer and Westbrook, 1987; Rothman and Olney, 1987; Stone and Burton, 1988) . Biochemical and electrophysiological studies have indicated that each class of receptor plays a distinct role in neu ronal activities (for review, see Mayer and West brook, 1987; Rothman and Olney, 1987; Stone and creased by 44% 7 days after ischemia. Marked loss of the above-mentioned receptors in the CAl after selective de pletion of the CA I pyramidal cells indicated that NMDA receptors, noncompetitive NMDA antagonist binding sites, and KA receptors in the CAl are predominantly localized on the CAl pyramidal cells. NMDA receptor density in the CA3 gradually decreased during the recir culation period. The stratum moleculare of the dentate gyrus, whose structure was histologically intact after ischemic insult, also showed a reduction of NMDA re ceptors 7 days following ischemia. eH1KA receptor den sity in the stratum lucidum of the CA3 and in the hilus also decreased during recirculation. These results indi cate that postischemic change of neuronal activity was not restricted to the ischemic-Iesioned CAl but that the histologically intact CA3 and dentate gyrus had also mod ulated neuronal transmission after ischemia. Key Words: Cerebral ischemia-Glutamate-Hippocampus Kalinate-NMDA-Phencyclidine. Burton, 1988) . Although appropriate activation of NMDA receptors may be beneficial to learning and memory processes, overstimulation of glutamate receptors can lead to neuronal damage (Rothman, 1984; Rothman and Olney, 1987) . The highest den sity of all of the glutamate receptor subtypes occurs in the hippocampal formation (Monaghan et aI., 1983) , which is a suitable region to analyze the ex citatory amino acid receptor systems because of its laminar cytoarchitecture and physiologically de fined circuitry. Ischemic neuronal damage is an in tegral part of the clinical condition after strokes and cardiac arrests. Transient global ischemia and sta tus epilepticus produce selective neuronal necrosis in the hippocampus in both humans and experimen tal animals (Kirino, 1982; Petito et aI., 1987; Pulsinelli et aI., 1982) . The CA 1 pyramidal cells in the hippocampus are selectively vulnerable to tran sient ischemic insult. Neuronal death of these neu rons occurs after 1 or 2 days following recirculation, during which time minimal energy crisis or morpho logical changes are observed (delayed neuronal death) (Kirino, 1982; Petito and Pulsinelli, 1984; Pulsinelli and Duffy, 1983) . The excitotoxic mech anism in the selective damage to CAl pyramidal cells has received support by the finding that deple tion of glutamatergic inputs to the hippocampus can ameliorate CAl pyramidal cell necrosis (Johansen et aI., 1986; Onodera et aI., 1986; Wieloch et aI., 1985) . However, there is a controversy as to the beneficial effects of NMDA antagonists (Block and Pulsinelli, 1987; Gerhardt et aI., 1986; Simon et aI., 1984; Weiss et aI., 1986) . Therefore, it is of partic ular interest to evaluate the glutamatergic systems in the hippocampus after ischemia. The purpose of the present study was to characterize temporal and regional alterations of glutamate receptor subtypes (competitive NMDA receptors, noncompetitive NMDA antagonist binding sites, and KA receptors) in the rat hippocampal formation after transient forebrain ischemia by means of quantitative recep tor autoradiography. This may also be of value in assessing the cellular localization of glutamate re ceptors in the CAl and in analyzing modulated neu ronal activity after brain damage.
MATERIALS AND METHODS

Induction of ischemia
Male Wi star rats (220-280 g) were used. Selective CAl pyramidal cell damage was produced by means of tran sient forebrain ischemia using the method developed by Pulsinelli and Brierley (1979) with minor modifications as described in a previous paper (Onodera et aI., 1986) . Briefly, the animals were anesthetized with pentobarbital (50 mg/kg, i.p.) and both vertebral arteries were electro cauterized. The next day, the common carotid arteries were exposed while animals were under 2% halothane anesthesia. After completion of the surgical procedure, the halothane was discontinued to minimize its effect. Three minutes later, when the animals showed no spon taneous movement but twitched if pain stimuli were given, both common carotid arteries were clamped using aneurysm clips for 20 min. The animals were decapitated 1 h, 3 h, 6 h, 12 h, 1 day, 2 days, and 7 days following recirculation. Criteria for ischemia are described else where (Onodera et aI., 1986) . The brains were removed quickly, frozen in powdered dry ice, and stored at -80°C until assayed. Coronal sections 12 fLm in thickness were cut on a cryostat and thawed-mounted onto gelatin coated slides. Adjacent sections were stained with cresyl violet.
Receptor autoradiography
Using the method of Olverman et al. (1986) , the NMDA receptors were labeled with r3H]3-«±)2-carboxypiperazin-4-yl)-propyl-l-phosphonic acid (CPP). The sections were preincubated for 30 min at O°C in 50 mM Tris-acetate buffer (pH 7.2), and incubated for 20 min at O°C in buffer containing 160 nM [3H1CPP (New England Nuclear, Bos ton, MA., U.S.A.). Following incubation, the sections were washed for 10 min at O°C in the same buffer. Non-
specific binding was assessed in the presence of unlabeled 100 fLM NMDA. Noncompetitive NMDA antagonist binding sites were assayed using [3H1N-(1-(2-thienyl) cyclonexyl)-3,4-piperidine (TCP) as a ligand by the method of Maragos et al. (1988) , Sections were preincu bated for 30 min at O°C in 50 mM Tris-acetate buffer (pH 7.4), followed by 20 min at O°C in a solution of Tris acetate (pH 7.4), 1 mM magnesium acetate, and 5 nM [3H1TCP (New England Nuclear), Following incubation, the sections were washed three times at O°C for 1 min each in the buffer. Nonspecific binding was assessed in the presence of unlabeled 20 fLM phencyclidine. The KA receptors were assayed using the methods by Olson et al. (1987) . Sections were preincubated for 30 min at O°C in 50 mM Tris-acetate buffer (pH 7.2), and then for 45 min at O°C in a solution of 50 mM Tris-HCI (pH 7.2), 100 fLM NMDA, and 65 nM [3H1KA (New England Nuclear). Fol lowing incubation, the sections were washed three times at O°C for 10 s in the Tris-acetate buffer. Nonspecific binding was measured in the presence of unlabeled 100 fLM KA.
The sections were dried under a cold stream of air and were apposed to LKB Ultrofilm for 3 to 8 weeks along with tritium standards (Amersham [3Hlmicroscale). In a preliminary experiment, brain homogenate (gray matter) sections containing known amounts of radioactivity were apposed to Ultrofilm along with the eH]microscale and the correlation in grain density between brain homoge nate slices and eHlmicroscale was obtained. The eHJmicroscale was used in routine studies. Autoradio grams were quantified using an image analyzer system (Onodera et aI., 1987) . The relationship between the op tical density and radioactivity was obtained with refer ence to the eHlmicroscale coexposed with the sections, using a third order polynomial function. As observed in our previous studies (Onodera et aI., 1987) , postischemic alteration of the beta quenching level in the hippocampus was minimal. In the present experiment, the animals that were killed after ischemia showed no significant alter ation in nonspecific binding levels compared to control animals (data not shown). Therefore, we made no correc tion in the beta quenching level after ischemia. The bind ing assays were performed in duplicate. Statistical com parisons were made using the Mann-Whitney's U test.
RESULTS
In the CAl subfield, delayed evolution of pyra midal cell death was noted, as reported previously (Kirino, 1982; Pulsinelli et aI., 1982) . Pyramidal cell damage in this subfield was not visible using light microscopy until 2 days following ischemia. There after, the number of damaged CAl pyramidal cells increased and most of the CAl pyramidal neurons were necrotic 3 days after induction of ischemia (data not shown). The pyramidal cells in the CAl region were depleted 7 days following ischemia. Previous reports have indicated that GABAergic in terneurons located in the CAl subfield are resistant to ischemic insult (Francis and Pulsinelli, 1982; Jo hansen et aI., 1983) . Some of the neurons in the hilar region of the hippocampus were damaged (On odera et aI., 1987; Pulsinelli et aI., 1982) . The CA3 pyramidal cells and dentate granule cells showed no visible damage using light microscopy throughout the reperfusion period .
NMDA receptors
As reported by Olverman et aI. (1986) , eH]CPp binding sites in the rat hippocampus were distrib uted heterogeneously and were highly concentrated in the CAl subfield ( Table I) . eH]CPp binding did not change significantly in the hippocampal forma tion 1 h to 2 days after recirculation. Seven days after ischemia, all subregions that were examined in the present study revealed a significant reduction of eH]CPp binding sites. In the CAl , the strata oriens, radiatum, and lacunosum moleculare lost 71, 64, and 68% of their receptors, respectively, 7 days fol lowing ischemia. The CA3 and dentate gyrus also exhibited a reduction of binding sites in spite of the absence of visible histological damage.
Noncompetitive NMDA antagonist binding sites
The distribution of [ 3 H]TCP binding sites in the hippocampal formation is similar to that of the NMDA receptors, with the highest receptor density in the strata oriens and radiatum of the CA 1 subfield (Sircar and Zukin, 1985) (Table 2 ). The CA3 and the stratum moleculare of the dentate gyrus also showed high binding activity. The alteration of [ 3 H]TCP binding activity in the hippocampus was minimal during the recirculation period. However, the stratum radiatum of the CA 1 showed a transient increase of binding 1 day after ischemia. Seven days following ischemia, the strata oriens and radiatum lost 45 and 30% of their eH]TCP binding sites, re spectively. The decrease of eH]TCP binding sites in the stratum lacunosum moleculare of the CA 1 did not reach statistically significant levels. [ 3 H]TCP binding in the CA3 and dentate gyrus did not change significantly during the recirculation period exam ined.
Kainate receptors
The highest density of eH]KA binding sites was found in the stratum lucidum of the CA3, and the stratum moleculare of the dentate gyrus (Table 3 ). In addition, the hilus also possessed high levels of binding. The CA 1 showed low KA receptor density. In the CAl , no significant changes in [ 3 H]KA bind ing were noticed during the early recirculation pe riod but a 44% loss of KA receptors was found 7 days after ischemia. The stratum lucidum of the CA3 showed a gradual decrease of binding sites af ter recirculation, with 20% lost at 6 h and 36% at 7 days after recirculation. eH]KA binding in the stra tum radiatum of the CA3 also appeared depressed by 7 days following ischemia. The stratum molecu lare of the dentate gyrus lost approximately 20% of its binding sites 2 and 7 days after ischemia. eH]KA binding sites in the hilus also decreased to 75% of the control value 7 days following ischemia, which may reflect ischemic damage to some neurons lo cated in this region (Johansen et aI., 1983) .
DISCUSSION
CAl subfield
The densities of binding sites for both I day 298 ± 15.0 338 ± 17.2 225 ± 22.6 230 ± 18.5 263 ± 18.9 2 days 300 ± 59.8 321 ± 43.5 226 ± 24.5 256 ± 27.2 277 ± 22.4 7 days 90 ± 28.8** 125 ± 30.6** 78 ± 18.6** 128 ± 21.7** 147 ± 21.7** Optical densities were converted to fmol/cm2 of tissue using the CHlmicroscale (Amersham). Results are expressed as mean ± SEM from 5-8 animals.
Significant difference from control values: **p < 0.01. 28.8 ± 2.6 38.9 ± 2.7 18.7 ± 1.8 21.6 ± 1.8 28.4 ± 2.5 3 h 29.0 ± 1.6 36.9 ± 1.8 19.9 ± 1.7 20.9 ± 2.8 25.2 ± 2.1 6h 34.4 ± 4.4 36.5 ± 3.8 17.2 ± 2.2 22.8 ± 3.7 29.2 ± 1.0 12 h 29.9 ± 4.3 35.9 ± 3.0 26.2 ± 1.4 23.9 ± 3.0 36.1 ± 5.5 1 day 29.8 ± 3.7 48.8 ± 2.6* 25.2 ± 2.0 30.6 ± 3.8 33.8 ± 2.8 2 days 41.5 ± 4.4 44.9 ± 6.2 23.6 ± 3.3 23.8 ± 4.4 26.2 ± 3.0 7 days 18.6 ± 1.9** 26.8 ± 1.6** 17.7 ± 1.8 19.3 ± 3.4 34.1 ± 4.7
Optical densities were converted to fmollcm2 of tissue using the 13Hlmicroscale (Amersham). Results are expressed as mean ± SEM from 5-8 animals.
Significant difference from control values: *p < 0.05; **p < 0. (Duchen et aI., 1985; Honey et aI., 1985; Nowak et aI., 1984) . Brain high affinity PCP receptors may be a part of the K + channels (Albuquerque et aI., 1981; Sorensen and Blaustein, 1988) . PCP also interacts with the mus carinic, opiate, and monoamine systems (Smith et aI., 1977; Vincent et aI., 1978) . Taken together, we cannot rule out the possibility of the localization of eH]TCP label not associated with NMDA receptor linked ion channels.
The CA3 and dentate gyrus Postischemic alteration of receptor binding was not restricted to the CAl subfield. We have previ ously reported that the side with damaged CAl py ramidal cells showed marked reduction of eH]L-glutamate binding sites (QA receptors) in the dentate gyrus, although the side in which the CAl pyramidal cells were protected by the depletion of the Schaffer collaterals exhibited no visible changes (Onodera et aI., 1986) . eH]KA receptors in the stra tum lucidum of the CA3 were also reduced during recirculation. In the hilus, eH]KA binding sites de creased by 25% 7 days following ischemia, which may reflect the damage to some of the neurons 10- 128 ± 10 202 ± 7 227 ± 7 102 ± 11 167 ± 13 196 ± 15 78 ± 9 153 ± 9 175 ± 9 84 ± 6 175 ± 13 190 ± 10 83 ± 6 166 ± 9 185 ± 8 71 ± 9 143 ± 10 167 ± 9 72 ± 7 130 ± 8* 148 ± 8* Optical densities are converted to fmollcm2 of tissue using the 13Hlmicroscale (Amersham). Results are expressed as mean ± SEM from 5-8 animals.
Significant difference from control values: *p < 0.05; **p < 0.01. aN = 3. cated in this region. Somatostatin-immunopositive neurons in the hilus were lost after transient isch emia (Johansen et al., 1987) . Approximately one half of the eH]CPp receptors in the dentate gyrus were lost in the CA3 and in dentate gyrus 7 days after ischemia. Although discussion of the precise mechanism of altered receptor density in the light microscopically intact CA3 and dentate gyrus is be yond the scope of this article, excessive activation of the dentate granule cells and CA3 pyramidal cells during recirculation must be considered (Mody and Heinemann, 1987) . Savage et al. (1984) have re ported that limbic kindling produced losses of [3H] KA binding in the stratum lucidum of the CA3 and in the stratum moleculare of the dentate gyrus on the order of 30-50%. Thus, the decrease in the NMDA and KA receptors in the CA3 and in dentate gyrus may reflect the downregulation of these re ceptors after excessive stimulation of the CA3 py ramidal cells and dentate granule cells. However, we cannot exclude the possibility of limited lesion ing to the CA3 pyramidal cells and/or dentate gran ule cells irrespective of minimal histopathological damage,
